
THE ASTROPHYSICAL JOURNAL, 549 :495È508, 2001 March 1
( 2001. The American Astronomical Society. All rights reserved. Printed in U.S.A.

GAMMA-RAY EMISSIONS FROM PULSARS: SPECTRA OF THE TeV FLUXES FROM OUTER GAP
ACCELERATORS

K. HIROTANI

National Astronomical Observatory, Mitaka, Tokyo 181-8588, Japan ; hirotani=hotaka.mtk.nao.ac.jp
Received 1999 September 2 ; accepted 2000 September 7

ABSTRACT
We study the c-ray emissions from an outer magnetospheric potential gap around a rotating neutron

star. Migratory electrons and positrons are accelerated by the electric Ðeld in the gap to radiate copious
c-rays via a curvature process. Some of these c-rays materialize as pairs by colliding with the X-rays in
the gap, leading to a pair production cascade. Imposing the closure condition that a single pair produces
one pair in the gap on average, we explicitly solve the strength of the acceleration Ðeld and demonstrate
how the peak energy and the luminosity of the curvature-radiated, GeV photons depend on the strength
of the surface blackbody and the power-law emissions. Some predictions on the GeV emission from 12
rotation-powered pulsars are presented. We further demonstrate that the expected pulsed TeV Ñuxes are
consistent with their observational upper limits. An implication of high-energy pulse phase width versus
pulsar age, spin, and magnetic moment is discussed.
Subject headings : acceleration of particles È gamma rays : observations È gamma rays : theory È

magnetic Ðelds

1. INTRODUCTION

The EGRET experiment on the Compton Gamma Ray
Observatory has detected pulsed signals from seven
rotation-powered pulsars (Crab [Nolan et al. 1993 ; Fierro
et al. 1998], Vela [Kanbach et al. 1994 ; Fierro et al. 1998],
Geminga [Mayer-Hasselwander et al. 1994 ; Fierro et al.
1998], PSR B1706[44 [Thompson et al. 1996], PSR
B1046[58 [Kaspi at al. 2000], PSR B1055[52
[Thompson et al. 1999], and PSR B1951]32
[Ramanamurthy et al. 1995] ; for reviews, e.g., Ulmer 1994 ;
Nel et al. 1996 ; Nolan et al. 1996), with PSR B0656]14
being a possible detection (Ramanamurthy et al. 1996). The
modulation of the c-ray light curves at GeV energies tes-
tiÐes to the production of c-ray radiation in the pulsar mag-
netospheres either at the polar cap (Harding, Tademaru, &
Esposito 1978 ; Daugherty & Harding 1982, 1996 ; Dermer
& Sturner 1994 ; Sturner, Dermer, & Michel 1995 ; Shibata,
Miyazaki, & Takahara 1998 ; Miyazaki & Takahara 1997 ;
also see Scharlemann, Arons, & Fawley 1978 for the slot
gap model) or at the vacuum gaps in the outer magneto-
sphere (Cheng, Ho, & Ruderman 1986a, 1986b, hereafter
collectively CHR; Chiang & Romani 1992, 1994 ; Romani
& Yadigaroglu 1995 ; Romani 1996 ; Zhang & Cheng 1997).
E†ective c-ray production in a pulsar magnetosphere may
be extended to the very high energy (VHE) region above
100 GeV as well ; however, the predictions of Ñuxes by the
current models of c-ray pulsars are not sufficiently conclu-
sive (e.g., Cheng 1994). Whether or not the spectra of c-ray
pulsars continue up to the VHE region is a question that
remains one of the interesting issues of high-energy astro-
physics.

In the VHE region, positive detections of radiation at a
high conÐdence level have been reported from the direction
of the Crab, B1706[44, and Vela pulsars (Bowden et al.
1993 ; Nel et al. 1993 ; Edwards et al. 1994 ; Yoshikoshi et al.
1997 ; see also Kifune 1996 for a review), by virtue of the
technique of imaging Cerenkov light from extensive air
showers. However, with respect to pulsed TeV emissions,
only the upper limits have been, as a rule, obtained from
these pulsars (see the references cited just above). If the

VHE emission originates in the pulsar magnetosphere,
rather than the extended nebula, a signiÐcant fraction of it
can be expected to show a pulsation. Therefore, the lack of
pulsed TeV emissions provides a severe constraint on the
modeling of particle acceleration zones in a pulsar magne-
tosphere.

In fact, in the CHR picture, the magnetosphere should be
optically thick for pair production in order to reduce the
TeV Ñux to an unobserved level by absorption. This in turn
requires very high luminosities of tertiary photons in the
infrared energy range. However, the required Ñuxes are gen-
erally orders of magnitude larger than the observed values
(Usov 1994). We are therefore motivated by the need to
contrive an outer gap model that produces less TeV emis-
sion with a moderate infrared luminosity.

High-energy emission from a pulsar magnetosphere, in
fact, crucially depends on the acceleration electric Ðeld, E

A
,

along the magnetic Ðeld lines. It was Hirotani & Shibata
(1999a, 1999b, 1999c ; hereafter Papers I, II, III) and Hiro-
tani (2000b) who Ðrst solved the spatial distribution of E

Atogether with particle and c-ray distribution functions. They
explicitly demonstrated that there is a stationary solution
for an outer gap that is formed around the null surface at
which the local Goldreich-Julian charge density

oGJ \
)B

z
2nc[1[ ()-/c)2] (1)

vanishes, where is the component of the magnetic ÐeldB
zalong the rotation axis, ) refers to the angular frequency of

the neutron star, - indicates the distance of the point from
the rotation axis, and c is the speed of light. Subsequently,
Hirotani (2000a, hereafter Paper IV) investigated the c-ray
emission from an outer gap, by imposing a gap closure
condition that a single pair produces one pair in the gap on
average. He demonstrated that becomes typically lessE

Athan 10% of the value assumed in CHR and that the result-
ant TeV Ñux is sufficiently less than the observational upper
limit of the pulsed Ñux, if the outer gap is immersed in an
X-ray Ðeld supplied by the blackbody radiation from the
whole neutron star surface and/or from the heated polar
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caps. In this paper, we develop his method for the case when
a magnetospheric power-law component contributes in
addition to the blackbody components.

In the next section, we formulate the gap closure condi-
tion. Solving the condition in ° 3, we investigate the acceler-
ation Ðeld and the resultant c-ray emissions as a function of
the X-ray Ðeld. In ° 4, we further apply the theory to 12
rotation-powered pulsars and predict the absolute Ñuxes of
TeV emission from their outer gaps. In the Ðnal section, we
discuss the validity of assumptions and give some implica-
tions for pulse proÐles of GeV emissions.

2. ELECTRODYNAMIC STRUCTURE OF THE GAP

We Ðrst describe the acceleration Ðeld in ° 2.1 and then
consider the energy of curvature-radiated c-rays in ° 2.2, the
X-ray Ðeld illuminating the gap in ° 2.3, and the pair pro-
duction mean free path in ° 2.4. We further formulate in
° 2.5 the gap closure condition that one of the copious
c-rays emitted by a single pair materializes as a pair in the
gap on average. We Ðnally present the resultant c-ray
properties in °° 2.6 and 2.7.

2.1. Acceleration Field in the Gap
In this paper, we consider an outer gap in the following

rectilinear coordinates : x is an outwardly increasing coordi-
nate along the magnetic Ðeld lines, while z is parallel to the
rotational axis. We deÐne x \ 0 to be the intersection
between the last open Ðeld line and the null surface where

(Fig. 1). If we assume that the transÐeld thickness ofB
z
\ 0

the gap is larger than the gap width along the Ðeld lines, we
can neglect the term compared with the one in theL

z
2 L

x
2

Poisson equation for the noncorotational potential, '.
Then we can Taylor-expand around x \ 0 to obtainoGJ

[ d2'
dx2 \ [4nAx , (2)

where A is the expansion coefficient of at x \ 0. SinceoGJthe toroidal current Ñowing near the light cylinder is
unknown, we simply approximate with its NewtonianB

zvalue. Then A is given by

A4
3)k
2ncr04

1
1 [ ()r0 sin h0/c)2

]
C3
2

sin 2h0 cos (h0[ a
i
)] cos 2h0 sin (h0[ a

i
)
D

,

(3)

where k refers to the magnetic dipole moment of the

FIG. 1.ÈSide view of a hypothetical outer magnetospheric gap in which
pair production cascade takes place.

neutron star ; is the distance of the gap center (x \ 0)r0from the neutron star, and is the polar angle of the gaph0center (in the Ðrst quadrant). They are related to asa
i

r0
-LC

4
sin2 (h0[ a

i
)

sin hLC sin2 (hLC [ a
i
)

(4)

and

tan h0 4
3 tan a

i
] J9tan2 a

i
] 8

2
, (5)

where the light cylinder radius is deÐned by

-LC\ c
)

\ 3.0] 108)2~1 cm (6)

and the colatitude angle at which the last-open Ðeld linehLCintersects with the light cylinder is implicitly solved from

2 cot (hLC[ a
i
) sin hLC] cos hLC\ 0 ; (7)

rad s~1. For the order of magnitude,)24 )/102 AD
holds. Its exact values are esuoGJ/-LC 3.19] 10~12)25 k30for and esu for wherea

i
\ 30¡ 1.22] 10~11)25 k30 a

i
\ 45¡,

G cm3.k304k/1030
Integrating equation (2), we obtain the acceleration Ðeld

where refers toE
A
(x) 4[d'/dx \ E

A
(0) [ 2nAx2, E

A
(0)

the value of at x \ 0. DeÐning the boundaries of the gapE
Ato be the places where vanishes, we obtainE

A
E
A
(0)\

It is noteworthy that the nonvanishment of2nAH2. dE
A
/dx

at x \ ^H is consistent with the stability condition at the
plasma-vacuum interface if the electrically supported mag-
netospheric plasma is completely charge separated, i.e., if
the plasma cloud at x \ [H is composed of electrons alone
(Krause-Polstor† & Michel 1985a, 1985b). We assume that
the Goldreich-Julian plasma gap boundary is stable with

on the boundary, x \ [H.E
A

\ 0
We can now evaluate the typical strength of byE

Aaveraging its values throughout the gap as follows :

E1
A

\ 1
H
P
0

H
dx[E

A
(0)[ 2nAx2]

\ 4
3

nAH2 . (8)

We shall use this as a representative value of the acceler-E1
Aation Ðeld in the gap. DeÐning the nondimensional gap

width and substituting the values of A, weh 4 H/-LCobtain

E1
A

\ C
E
)23 k30 h2 V m~1 , (9)

where for and 1.39 ] 1011 forC
E
\ 3.61] 1010 a

i
\ 30¡

a
i
\ 45¡.
The voltage drop in the gap is given by

Vgap\ E1
A

] 2H \ 83 nAH3 . (10)

For an outer gap that extends to the light cylinder (H D
becomes as large as the available electromotive0.5-LC), Vgapforce (EMF) exerted on the spinning neutron star surface,

V.V
*

B 1015()2/0.5)2k30
2.2. Energy of Curvature-radiated c-Rays

The most e†ective assumption for the particle motion in
the gap arises from the fact that the velocity saturates
immediately after the birth of the particles in the balance
between the radiation reaction force and the electric force.
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The reaction force is mainly due to curvature radiation if
the gap is immersed in a moderate X-ray Ðeld. Equating the
electric force and the radiation reaction force, weeE

Aobtain the Lorentz factor of saturated particles as follows :

!1 \
A3R

c
2E1

A
2e

B1@4
, (11)

where and e refer to the curvature radius of the magneticR
cÐeld line and the magnitude of the charge on the electron. !1

is related to byh 4 H/-LC
!1 \ C!R0.51@2()2 k30)1@4h1@2 , (12)

where for and 1.34] 109 forC!\ 9.59] 107 a
i
\ 30¡ a

i
\

45¡ ; R0.5 4R
c
/(0.5-LC).However, if the gap width H is less than the length scale

for the particles to be accelerated up to the typical!1 ,
Lorentz factor should be rather estimated by eE

A
H/m

e
c2

because typical particles are accelerated by the potential
Therefore, we can evaluate the LorentzVgap/2 \E

A
H.

factor as

!\ min (!1 , eE
A

H/m
e
c2) . (13)

Using this !, we obtain the central energy of curvature
radiation,

E
c
\ 3!3

2
+c
R

c
, (14)

where + is the Planck constant divided by 2n. In this paper,
we adopt the gray approximation in the sense that all the
c-rays are radiated at energy In the Ðnal section ofE

c
.

Paper IV, we demonstrated that this gray approximation
gave a good estimate of the gap width and other quantities
describing the gap, by comparing them with those obtained
in the nongray cases in which the Boltzmann equations of
particles and c-rays were solved together with the Poisson
equation for '.

2.3. X-Ray Field
Before proceeding to the discussion on pair production

mean free path, it is desirable to describe the X-ray Ðeld that
illuminates the outer gap. The X-ray Ðeld of a rotation-
powered neutron star within the light cylinder can be attrib-
uted to the following three emission processes : (1)
photospheric emission from the whole surface of a cooling
neutron star (Greenstein & Hartke 1983 ; Romani 1987 ;
Shibanov et al. 1992 ; Pavlov et al. 1994 ; Zavlin et al. 1995a),
(2) thermal emission from the neutron starÏs polar caps,
which are heated by the bombardment of relativistic par-
ticles streaming back to the surface from the magnetosphere
(Kundt & Schaaf 1993 ; Zavlin, Shibanov, & Pavlov 1995b ;
Gil & Krawczyk 1997), and (3) nonthermal emission from
relativistic particles accelerated in the pulsar magneto-
sphere (Ochelkov & Usov 1980a, 1980b ; El-Gowhari &
Arponen 1972 ; Aschenbach & Brinkmann 1975 ; Hardee &
Rose 1974 ; Daishido 1975).

The spectrum of the Ðrst component is expected to be
expressed with a modiÐed blackbody. However, for simpli-
city, we approximate it in terms of a Planck function with
temperature because the X-ray spectrum is occasionallykT

sÐtted by a simple blackbody spectrum. We regard a black-
body component as the Ðrst one if its observed emitting
area is comparable to the whole surface of a neutron star,

where denotes the neutron star radius. WeA
*

4 4nr
*
2 , r

*

take account of both the pulsed and the nonpulsed surface
blackbody emission as this soft blackbody component.

As for the second component, we regard a blackbody
component as the heated polar cap emission if its observed
emitting area is much smaller than We approximate itsA

*
.

spectrum by a Planck function. We take account of both the
pulsed and the nonpulsed polar cap emission as this hard
blackbody component.

Unlike the Ðrst and the second components, a power-law
component is usually dominated by a nebula emission. To
get rid of the nebula emission, which illuminates the outer
gap inefficiently, we adopt only the pulsed components of a
power-law emission as the third component.

2.4. Pair Production Mean Free Path
In this subsection, we draw attention to how the pair

production mean free path is related to the X-ray Ðeld
described in the previous section. To this end, we Ðrst give
the threshold energy for X-ray photons to materialize.
Then, we consider the mean free path for a c-ray photon to
materialize as a pair in a collision with one of the soft
blackbody X-rays in ° 2.4.2, the hard blackbody ones in °
2.4.3, and the magnetospheric, power-law X-rays in ° 2.4.4.
We Ðnally summarize how the real mean free path should
be computed under the existence of these three X-ray com-
ponents in ° 2.4.5.

2.4.1. T hreshold Energy

The threshold energy for a soft photon to materialize as a
pair in a collision with the c-ray having energy m

e
c2vc \E

cis given by

Eth\ 2
1 [ cos /ab cos h

c

m
e
c2

vc
, (15)

where refers to the cosine of the three-cos /ab cos h
cdimensional collisional angle between the X-ray and the

c-ray. The lower bound of is unity,2/(1 [ cos /ab cos h
c
)

which is realized if the two photons collide head-on.
To evaluate we must consider the c-rayÏscos /ab cos h

c
,

toroidal momenta due to aberration. At the gap center, the
aberration angle is given by In the/ab sin~1 (r0 sin h0/-LC).case of we obtain The collisional anglea

i
\ 30¡, /ab\ 20¡.4.

on the poloidal plane becomes (orh
c
\ 90¡[ h0\ 21¡.6

for outwardly (or inwardly) propa-h
c
\ 90¡ ] h0\ 158¡.4)

gating c-rays, where is computed from equation (5).h0Therefore, we obtain where thecos /ab cos h
c
\ ^0.855,

upper and the lower signs correspond to the outwardly and
inwardly propagating c-rays, respectively. On the other
hand, in the case of we have anda

i
\ 45¡, /ab \ 14¡.0 h

c
\

(or to obtain15¡.6 h
c
\ 164¡.3) cos /ab cos h

c
\ ^0.923.

2.4.2. Soft Blackbody Component

We Ðrst consider the pair production mean free path, j
s
,

for a c-ray photon to materialize in a collision with one of
the soft blackbody X-rays. In a realistic outer gap, both the
outwardly and inwardly propagating c-rays contribute for

Therefore, is given by an arithmetic average of thesej
s
. j

stwo contributions as follows (Paper IV; see also eq. [3.1] in
Blandford & Levinson 1995 for the factor 1^ k

c
) :

1
j
s
4 i(1[ k

c
)
P
2@(1~kc)

vc=dvX
dN

s
dvX

p
p
(vc, vX, k

c
)

] (1[ i)(1] k
c
)
P
2@(1`kc)

vc=dvX
dN

s
dvX

p
p
(vc, vX,[ k

c
) ,

(16)
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where the pair production crossk
c
4o cos /ab cos h

c
o ;

section is given by (Berestetskii, Lifshitz, & Pitaevskii 1989)

p
p
(vc, vX, k

c
)4

3
16

pT(1[ v2)

]
C
(3[ v4) ln 1 ] v

1 [ v
[ 2v(2[ v2)

D
,

v(vc, vX, k
c
)4
S

1 [ 2
1 [ k

c

1
vc vX

, (17)

where is the Thomson cross section andpT vX 4 EX/m
e
c2

refers to the dimensionless energy of an X-ray photon. We
may notice here that the nondimensional threshold energy

appears in the lower bound of the integral in(Eth/me
c2)

equation (16).
When a blackbody emission dominates the X-ray Ðeld, H

occasionally becomes as large as In this case, we0.3-LC.must take the dilution e†ect of the surface radiation into
account. The number density of the soft X-rays between
energies and at position x is givenm

e
c2vX m

e
c2(vX ] dvX)

by

dN
s

dvX
\
C
1 ] 2 sin h0

x
-LC

]
A x
-LC

B2D~1AdN
s

dvX

B
0

. (18)

Here, the number density at the gap center is given by the
Planck law

AdN
s

dvX

B
0
\ 1

4n2
Am

e
c2

c+
B3A A

s
4nr02

B vX2
exp (vX/*

s
)[ 1

, (19)

where indicates the observed emission area of the softA
sblackbody ; is deÐned by*

s

*
s
4

kT
s

m
e
c2 , (20)

where refers to the soft blackbody temperature mea-kT
ssured by a distant observer. Since the outer gap is located

outside of the deep gravitational potential well of the
neutron star, the photon energy there is essentially the same
as the distant observer measures.

The Ðrst (or the second) term in equation (16) represents
the contribution from the outwardly (or inwardly) propa-
gating c-rays ; for we adopt whereas,a

i
\ 30¡, k

c
\ 0.855,

for 45¡, The weight i reÑects the ratio of thek
c
\ 0.923.

Ñuxes between the outwardly and inwardly propagating
c-rays. For example, if i were to be 1.0, only outwardly
propagating c-rays would contribute for the pair pro-
duction. From Paper III, we know that the Ñux of the out-
wardly propagating c-rays is typically about 10 times larger
than that of the inwardly propagating ones. In what follows,
we thus adopt i \ 0.9. This value of i was justiÐed in the
Ðnal section of Paper IV.

2.4.3. Hard Blackbody Component

In this subsection, let us consider the case when the X-ray
Ðeld is dominated by the hard blackbody component. In the
same manner as the soft blackbody component, the hard
blackbody component gives the following mean free path

for pair production :

1
j
h
4 i(1[ k

c
)
P
2@(1~kc)

vc=dvX
dN

h
dvX

p
p
(vc, vX, k

c
)

](1[ i)(1] k
c
)
P
2@(1`kc)

vc=dvX

]
dN

h
dvX

p
p
(vc, vX,[ k

c
) , (21)

where takes the same value as the soft blackbodyÈk
cdominated case and i \ 0.9. The number density of the

hard blackbody X-rays between energies andm
e
c2vXat position x is given bym

e
c2(vX ] dvX)

dN
h

dvX
\
C
1 ] 2 sin h0

x
-LC

]
A x
-LC

B2D~1AdN
h

dvX

B
0

, (22)

AdN
h

dvX

B
0
\ 1

4n2
Am

e
c2

c+
B3A A

h
4nr02

B vX2
exp (vX/*

h
)[ 1

, (23)

where denotes the observed emission area of the hardA
hblackbody emission. The quantity is deÐned by*

h

*
h
4

kT
h

m
e
c2 , (24)

where refers to the hard blackbody temperature mea-kT
hsured by a distant observer.

2.4.4. Power-L aw Component

Since the secondary photons emitted outside of the gap
via synchrotron process will be beamed in the same direc-
tion as the primary c-rays, the typical collision angle on the
poloidal plane can be approximated as rad. Ith 4 H/-LCfollows that the mean free path corresponding to the power-
law emission becomes

1
jpl

\ (1[ k
c
)
P
f@vc

=
dvX

dNpl
dvX

p
p
(vc, vX, k

c
) , (25)

where

f4
2

1 [ k
c

; (26)

refers to the number density of the power-lawdNpl/dvXX-rays between energies and wem
e
c2vc m

e
c2(vc ] dvc) ;adopt

k
c
\ cos

A H
r0 sin h0

/ab
B

cos h (27)

for the power-law component. We may notice here that
both the c-rays and the magnetospheric, power-law X-rays
su†er aberration and that the resultant collision angle in the
azimuthal direction is less than and can be assumed to/abbe The dependence of on x is(H/r0 sin h0)/ab. dNpl/dvXunknown. We thus simply assume that it is constant
throughout the gap and specify the form as

dNpl
dvX

\ Npl vXa (vmin\ vX \ vmax) . (28)

The photon index a is typically between [2 and [1 for a
pulsed, power-law X-ray component in the hard X-ray band
(e.g., Saito 1998).
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2.4.5. Pair Production Mean Free Path

The true mean path, is determined by the componentj
p
,

that dominates the X-ray Ðeld, or equivalently, the smallest
one among and Therefore, we can reasonablyj

s
, j

h
, jpl.evaluate asj

p
1
j
p
\ 1

j
s
] 1

j
h
] 1

jpl
. (29)

When a pulsar is young, the third term will dominate
because of its strong magnetospheric emission. As the
pulsar evolves, the Ðrst term will become dominant owing
to the diminishing magnetospheric emission. As the pulsar
evolves further, polar cap heating due to particle bombard-
ment begins to dominate ; therefore, the second term
becomes important.

2.5. Gap Closure
The gap width 2H is adjusted so that a single pair pro-

duces copious c-ray photons (of number one of whichNc),materializes as a pair on average. Since a typical c-ray
photon runs the length H in the gap before escaping from
either of the boundaries, the probability of a c-ray photon
materializing within the gap, must coincide with theNc~1,
optical depth for absorption, Considering the posi-H/j

p
.

tion dependence of on x, we obtainj
p

1
Nc

\ 1
2
P
~H

H dx
j
p

, (30)

where

NcB
H
c

4e2!
9+R

c
. (31)

Here, is given by equation (29). Equation (31) is derivedj
pas follows : a single e` or e~ emits c-rays at the rate P\

Dividing P by the averaged photon energy,2ce2!4/(3R
c
2).

we can estimate the number of c-rays emitted3!3+c/(2R
c
),

per unit time by a single e` or e~, Noting that a typicalN0 c.particle runs length H in the gap on average, we obtain
which reduces to equation (31).Nc \ (H/c)N0 c,Substituting equations (18), (22), and (29) into equation

(30), we obtain the gap closure condition

1
Nc

\
A H
js, 0

] H
jh, 0

B
I(h)] H

jpl
, (32)

where and refer to the values of and at x \ 0j
s, 0 j

h, 0 j
s

j
hand

I(h)

4
tan~1 (tan h0] h sec h0)[ tan~1 (tan h0[ h sec h0)

2h cos h0
.

(33)

For a very thin gap I(h) approaches unity.(h \ H/-LC> 1),
When the surface blackbody components dominate the
X-ray Ðeld, h can be as large as 0.3 ; as a result, the r~2
variation of the X-ray density becomes important. We take
account of this e†ect in the function I(h). When the power-
law component dominates, on the other hand, h > 1 is
usually satisÐed (see discussion in ° 4.3) ; therefore, we evalu-
ate only the X-ray density at the gap center in equation (32).
Combining equations (31) and (32) and representing !,

in terms of we Ðnally obtain thevc\ E
c
/m

e
c2 h 4 H/-LC,

equation describing h as a function of B5, )2, kT
s
, A

s
, kT

h
,

and Once h is solved, other quantities such as !,A
h
. E1

A
,

and can be computed straightforwardly.E
c

2.6. L uminosity of GeV emissions
Let us Ðrst consider the luminosities of curvature-

radiated c-rays. The luminosity, can be estimated byL GeV,
multiplying the total number of positrons and electrons in
the gap, the number of c-rays emitted per particle perN

e
,

unit time, and c-ray energy, Supposing theNc/(H/c), E
c
.

conserved current density is andscoGJ\ s()B/2ne)
assuming that the gap exists rad in the azimuthaln(H/-LC)direction, we obtain

N
e
D s

)B
2nce

]
nH
-LC

] r0 sin h0] D
M

] 2H , (34)

where is the transÐeld thickness of the gap on the poloi-D
Mdal plane. The distance of the center of the gap from the

rotation axis, becomes for andr0 sin h0, 0.393-LC a
i
\ 30¡

for The strength of magnetic Ðeld at the0.285-LC a
i
\ 45¡.

gap center can be given by

B\ 3.70] 105J1 ] 3cos2 (h0[ a
i
)
A r0
-LC

B~3
)23 k30 G .

(35)

As discussed in ° 2.4 in Paper IV, we adopt s \ 0.1 and
as typical values in this paper.D

M
\ 0.3-LCFrom equations (31) and (14), we obtain

L GeV \ 2
3
A
s

D
M

-LC

B e)Br0 sin h0
(R

c
/-LC)2

!4h2 , (36)

where ! is given by equation (13). If ! is saturated, equation
(11) or (12) gives

L GeVD CGeV
A
s

D
M

-LC

B
)24 k302 h4 ergs s~1 , (37)

where for and 1.20 ] 1040 forCGeV \ 1.19 ] 1039 a
i
\ 30¡

a
i
\ 45¡.

2.7. L uminosity of TeV emissions
The relativistic particles produce c-rays mainly via curva-

ture radiation as described in the preceding sections.
However, even though energetically negligible, it is useful to
draw attention to the TeV c-rays produced via inverse
Compton (IC) scatterings. Since the particlesÏ Lorentz
factor becomes D107.5, it is the infrared photons with
energy D0.01 eV that contribute most e†ectively as the
target photons of IC scatterings. Neither the higher energy
photons such as surface blackbody X-rays nor the lower
energy photons such as polar cap radio emission contribute
as the target photons because they have either too small
cross sections or too small energy transfer when they are
scattered. On these grounds, we obtain the following upper
bound for the luminosity of the IC-scattered c-rays :

L TeV \ 5.63] 1025B5 L 30
A-LC

r0
sin h0

BA
s

D
M

-LC

B

]!h2 ergs s~1 , (38)

where refers to the luminosity of infrared photons thatL 30can be scattered up to TeV energy range in units of 1030
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ergs s~1 ; G). The inequality comes from theB54 B/(105
fact that the scattered c-rays cannot have energies greater
than !m

e
c2.

The Ñux of IC-scattered c-rays, (Jy Hz), canlFl (lFl)TeVbe readily computed as

(lFl)TeV \ 10~20
A L TeV
ergs s~1

BAuTeV
1 sr

B~1
d1~2 Jy Hz , (39)

where refers to the solid angle in which the TeV c-raysuTeVare emitted and kpc.d14 d/1
An analogous relation holds for an infrared Ñux,

if the infrared luminosity, is emitted in a(lFl)0.01eV, L 0.01eV,
solid angle sr. We thus obtain the Ñux ratiou0.01eV

(lFl)TeV
(lFl)0.01 eV

\ 5.63] 10~5
A-LC

r0
sin h0

B

]!
A
s

D
M

-LC

B B
105 G

u0.01 eV
uTeV

h2 . (40)

Since we take the ratio of Ñux at two di†erent energies,lFlthe uncertainties arising from the distance disappear on the
right-hand side. It follows from equation (40) that the the
order of magnitude of the ratio becomes at most 103
because h \ 0.5, and !D 107.5 hold ins(D

M
/-LC)\ 1,

general.

3. X-RAY FIELD VERSUS c-RAY EMISSION

Before proceeding to an application to individual pulsars,
it will be useful to investigate the general properties of c-ray
emission as a function of the X-ray Ðeld illuminating the
gap. To this aim, we Ðrst demonstrate how the gap width

depends on the X-ray Ðeld in ° 3.1, by solvingh 4H/-LCthe gap closure condition (32). We then present the energies
and the luminosities of the curvature-radiated and the IC-
scattered c-rays in ° 3.2. Throughout this section, we adopt

eV,)2\ 0.5, k30 \ 3.0, A
s
\ A

*
4 4nr

*
2 , kT

h
\ 200

a \ [1.5, keV/511 keV\ 0.00020, andvmin\ 0.1 vmax\keV/511 keV\ 0.20.100

3.1. Gap W idth
The results of the gap half-width divided by the light

cylinder radius are presented in Figure 2. The abscissa is kT
sin eV. The model parameters of the X-ray Ðeld for the six

curves are summarized in Table 1. For the three thick
curves, the hard blackbody component is not included (i.e.,

The thick solid, dashed, and dotted curves corre-A
h
\ 0).

spond to 1010, 1016, respectively. Therefore, theNpl\ 0,

FIG. 2.ÈExamples of the gap half-width divided by light cylinder
radius as a function of (eV). The input parameters of the X-ray Ðeld ofkT

seach curve are listed in Table 1. For all six curves, pulsar parameters are
Ðxed as )\ 50 rad s~1, k \ 1030 G cm3, and a

i
\ 30¡.

thick solid curve corresponds to the least dense X-ray Ðeld,
thereby giving the greatest for a speciÐc value ofh 4 H/-LCFor the three thin curves, on the other hand, is setkT

s
. Nplto be 0, so that the power-law component does not contrib-

ute. The thin solid, dashed, and dotted curves correspond to
10~3, 10~2, respectively.A

h
/A

*
\ 10~4,

First of all, it follows from the Ðgure that H (or equiva-
lently h for a Ðxed )) is a decreasing function of ThekT

s
.

reason is as follows. If increases, the number density ofkT
starget soft photons above threshold energy N

s
(E[ Eth)increases for a Ðxed value of The increasedEth. N
s
(E[ Eth)results in the decrease of which reduces H (eq. [32]).j

p
,

Accurately speaking, the reduced H results in a decrease of
and hence thereby increasing The increasedE

A
E
c
, Eth. Ethdecreases to partially cancel the initial decreaseN

s
(E[ Eth)of In addition, the reduction of H implies the reductionj

p
.

of the emitting length for a particle, thereby decreasing Ncand partially canceling the initial decrease of H (see eq.
[32]). Nevertheless, both e†ects are passive ; therefore, the
nature of the decrease of H with increasing iskT

sunchanged.
The second thing to note is that h decreases with increas-

ing as indicated by the three thin curves in Figure 2.A
h
,

This is because when increases the number density of theA
hhard blackbody component, increases. This inN

h
(EX [Eth),turn leads to the decrease of which results in the decreasej

p
,

of h. If is as small as (thin solid line), the X-rayA
h

10~4A
*Ðeld is dominated by the power-law component only in the

small range ; this can be understood because the thinkT
ssolid line signiÐcantly deviates from the thick solid line at
eV. However, if is as large as 10~2 (thin dottedkT

s
\ 30 A

h

TABLE 1

MODEL PARAMETERS OF X-RAY FIELD

kT
h

Npl Emin Emax
Line A

s
/A

*
(eV) A

h
/A

*
(cm~3) [a (keV) (keV)

Thick solid . . . . . . . . 1.0 200 0 0 2.0 0.1 100
Thick dashed . . . . . . 1.0 200 0 1010 2.0 0.1 100
Thick dotted . . . . . . 1.0 200 0 1016 2.0 0.1 100
Thin solid . . . . . . . . . 1.0 200 10~4 0 2.0 0.1 100
Thin dashed . . . . . . . 1.0 200 10~3 0 2.0 0.1 100
Thin dotted . . . . . . . 1.0 200 10~2 0 2.0 0.1 100
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FIG. 3.ÈLuminosity (ergs s~1) of the curvature-radiated c-rays. The
abscissa represents in units of eV. The six curves correspond to thekT

ssame parameter set as in Fig. 2 (or Table 1).

line), the X-ray Ðeld is dominated by the hard blackbody
component up to very high (D100 eV).kT

sThe third thing is that h decreases with increasing Npl.For a very strong magnetospheric emission (thick dotted
line), h becomes not more than 0.1.

FIG. 4.ÈRatio of the Ñuxes between TeV and infrared energy ranges.
The abscissa represents in units of eV. The TeV c-rays are radiated bykT

sthe primary positrons and electrons in the gap via IC scatterings, while the
infrared photons are presumably emitted by tertiary pairs outside of the
gap via synchrotron process. The six curves correspond to the same
parameter set as in Fig. 2 (or Table 1).

In short, the gap width is a decreasing function of the
X-ray number density, regardless of the component that
dominates the X-ray Ðeld.

3.2. c-Ray L uminosities
Let us now consider the luminosities of the curvature-

radiated c-rays. Substituting the results of h into equation
(36), we obtain in Figure 3, we present the results forL GeV ;
s \ 0.1 and It follows from this Ðgure thatD

M
\ 0.3-LC.is a decreasing function of the X-ray number density,L GeVregardless of the component that dominates the X-ray Ðeld.

This is because the increase of the target X-ray photons
results in the decreases of H.

We next present the expected ratio of the TeV and the
infrared Ñuxes in Figure 4, by using equation (40). It follows
that the Ñux of TeV emission will not exceed 1011 Jy HzlFlfor a typical infrared Ñux (\109 Jy Hz). Therefore, we can
conclude that the pulsed TeV emission from rotation-
powered pulsars cannot be detected in general by the
current ground-based telescopes.

4. APPLICATION TO INDIVIDUAL PULSARS

In this section, we apply the theory to the 11 rotation-
powered pulsars of which X-ray Ðeld at the outer gap can be
deduced from observations. We Ðrst describe their X-ray
and infrared Ðelds in the next two subsections, and we
present resultant GeV and TeV emissions from individual
pulsars in °° 4.3 and 4.4.

4.1. Input X-Ray Field
We present the observed X-ray properties of individual

pulsars in order of spin-down luminosity, (Table 2). WeE0 rotassume keV/511 keV and keV/511vmin\ 0.1 vmax \ 100
keV for homogeneous discussion.

Crab.ÈFrom HEAO 1 observations, its X-ray Ðeld is
expressed by a power law with a \ [1.81^ 0.02 in the
primary pulse (P1) phase (Knight 1982). From the nebula
and background-subtracted counting rates, the normal-
ization factor of this power-law emission becomes Npl\ 5.3

where d refers to the distance in kilo-] 1015d2(r0/-LC)~2,
parsecs.

B0540[69.ÈFrom ASCA observations in the 2È10 keV
band, its X-ray radiation is known to be well Ðtted by a

TABLE 2

INPUT X-RAY FIELD

Distance ) log10 k kT
s

kT
h

Npl
Pulsar (kpc) (rad s~1) (log10 [G cm3]) (eV) A

s
/A

*
(eV) A

h
/A

*
(cm~3) [a

Crab . . . . . . . . . . . . . . 2.49 188.1 30.53 . . . . . . . . . . . . 1017.30 1.8
B0540[69 . . . . . . . . 49.4 124.7 31.00 . . . . . . . . . . . . 1014.15 2.0
B1509[58 . . . . . . . . 4.40 41.7 31.19 . . . . . . . . . . . . 1014.04 1.1
J1617[5055 . . . . . . 3.30 90.6 30.78 . . . . . . . . . . . . 1012.64 1.6
J0822[4300 . . . . . . 2.20 83.4 30.53 280 0.040 . . . . . . . . . . . .
Vela . . . . . . . . . . . . . . . 0.50 61.3 30.53 150 0.066 . . . . . . . . . . . .
B1951]32 . . . . . . . . 2.5 159 29.68 . . . . . . . . . . . . 1013.55 1.6
B1821[24 . . . . . . . . 5.1 2060 27.35 . . . . . . . . . . . . 1016.36 1.2
B0656]14 . . . . . . . . 0.76 15.3 30.67 67 4.5 129 10~1.49 105.25 1.5
Geminga . . . . . . . . . . 0.16 26.5 30.21 48 0.16 . . . . . . 105.00 1.6
B1055[52 . . . . . . . . 1.53 31.9 30.03 68 7.3 320 10~3.64 . . . . . .
J0437[4715 . . . . . . 0.180 1092 26.50 22 0.16 95 10~3.28 . . . . . .
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power law with a \ [2.0. The unabsorbed luminosity in
this energy range is 1.3] 1036 ergs s~1, which leads to

(Saito 1998).Npl\ 9.0] 109d2(r0/-LC)~2
B1509[58.ÈFrom ASCA observations in the 2È10 keV

band, its pulsed emission can be Ðtted by a power law with
a \ [1.1. The unabsorbed Ñux in this energy range is
2.9] 10~11 ergs cm~2 s~1, which leads to Npl\ 9.3
] 1011d2(r0/-LC)~2.

J1617[5055 and J0822[4300.ÈThese two pulsars have
similar parameters such as )D 90 rad s~1, k D 1030.6 G
cm3, and characteristic age qD 8 ] 103 yr. From the ASCA
observations of J1617[5055 in the 3.5È10 keV band, its
pulsed emission subtracted the background and the steady
components can be Ðtted by a power law with a \ [1.6
(Torii et al. 1998). Adopting the distance to be 3.3 kpc
(Caswell et al. 1975), we can calculate its unabsorbed Ñux as
3.1] 10~12 ergs cm~2 s~1, which yields Npl\ 6.5

On the other hand, the distance of] 1010d2(r0/-LC)~2.
J0822[4300 was estimated from VLA observations as
d \ 2.2^ 0.3 kpc (Reynoso et al. 1995). ROSAT obser-
vations revealed that the soft X-ray emission of this pulsar
is consistent with a single-temperature blackbody model
with keV and (Petre,kT

s
\ 0.28^ 0.10 A

s
D 0.04A

*
(d/2.2)2

Becker, & Winkler 1996).
Vela.ÈFrom ROSAT observations in 0.06È2.4 keV, the

spectrum of its point-source (presumably the pulsar) emis-
sion is expressed by two components : a surface blackbody
component with eV andkT

s
\ 150 A

s
\ 0.066A

*
(d/0.5)2

and a power-law component with a \ [3.3 (O� gelman,
Finley, & Zimmermann 1993). However, the latter com-
ponent does not show pulsations ; therefore, we consider
only the former component to be the X-ray Ðeld illumi-
nating the outer gap.

B1951]32.ÈFrom ROSAT observations in 0.1È2.4 keV,
the spectrum of its point-source (presumably the pulsar)
emission can be Ðtted by a single power-law component
with a \ [1.6 and intrinsic luminosity of 2.3 ] 1033(d/2.5)2
ergs s~1 (SaÐ-Harb, & Finley 1995), which yieldsO� gelman,

The extension of this powerNpl\ 9.1] 1011d2(r0/-LC)~2.
law is consistent with the upper limit of the pulsed com-
ponent in the 2È10 keV energy band (Saito 1998).

B1821[24.ÈFrom ASCA observations in the 0.7È10
keV band, its pulsed emission subtracted the background
and the steady components can be Ðtted by a power law
with a \ [1.2 (Saito et al. 1997). The unabsorbed Ñux in
this energy range is 3.5] 10~12ergs cm~2 s~1, which leads
to Npl\ 1.4 ] 1014d2(r0/-LC)~2.

B0656]14.ÈCombining ROSAT and ASCA data, Grei-
veldinger et al. (1996) reported that the X-ray spectrum
consists of three components : the soft surface blackbody
with eV and a hard black-kT

s
\ 67 A

s
\ 4.5A

*
(d/0.76)2,

body with eV andkT
h
\ 129 A

h
\ 3.2] 10~2A

*
(d/0.76)2,

and a power law with a \ [1.5 and TheNpl\ 3.1] 105d2.
hard blackbody component takes the major role in main-
taining the gap, by virtue of its large emitting area.

Geminga.ÈThe X-ray spectrum consists of two com-
ponents : the soft surface blackbody with eV andkT

s
\ 50

and a hard power law with a \ [1.6A
s
\ 0.22A

*
(d/0.16)2

and (Halpern & Wang 1997). A parallaxNpl\ 3.9] 106d2
distance of 160 pc was estimated from Hubble Space
Telescope (HST ) observations (Caraveo et al. 1996).

B1055[52.ÈCombining ROSAT and ASCA data, Grei-
veldinger et al. (1996) reported that the X-ray spectrum
consists of two components : a soft blackbody with kT

s
\ 68

eV and and a hard blackbody withA
s
\ 7.3A

*
(d/1.53)2

eV andkT
h
\ 320 A

h
\ 2.3] 10~4A

*
(d/1.53)2.

J0437[4715.ÈUsing ROSAT and Extreme Ultraviolet
Explorer (EUV E) data (Becker & 1993, 1999 ;Tru� mper
Halpern, Martin, & Marshall 1996), Zavlin & Pavlov (1998)
demonstrated that both the spectra and the light curves of
its soft X-ray radiation can originate from hot polar caps
with a nonuniform temperature distribution and be
modeled by a steplike function having two di†erent tem-
peratures. The Ðrst component is the emission from heated
polar cap core with temperature K measuredkT

h
\ 106.16

at the surface and with an area A
h
\ 5.3

The second one can be interpreted as] 10~4A
*
(d/0.180)2.

a cooler rim around the polar cap on the neutron star
surface with temperature K and with an areakT

s
\ 105.53

Considering the gravitational red-A
s
\ 0.16A

*
(d/0.180)2.

shift factor of 0.76, the best-Ðt temperatures observed at
inÐnity become eV and eV. From paral-kT

s
\ 22 kT

h
\ 95

lax measurements, its distance is reported to be 178 ^ 26 pc
(Sandhu et al. 1997). We adopt d \ 180 pc as a representa-
tive value.

4.2. Input Infrared Field
We next consider the infrared photon Ðeld illuminating

the gap. In addition to the references cited below, see also
Thompson et al. (1999) for Crab, B1509[58, Vela,
B1951]32, Geminga, and B1055[52.

Crab.ÈInterpolating the phase-averaged color spectrum
in the UV, U, B, V , R (Percival et al. 1993), J, H, and K
(Eikenberry et al. 1997) bands and the radio observation at
8.4 GHz (Mo†ett & Hankins 1996), the spectrum in the IR
energy range can be Ðtted by a single power law (Fig. 5) :

lFl \ 5.75] 10~5l1.12 Jy Hz , (41)

where l is in hertz. The Crab pulsarÏs Ñux at 8.4 GHz is, in
fact, very uncertain because it can scintillate away from
Earth for tens of minutes to hours. Mo†ett obtained a value
of 0.61 mJy from the proÐles he collected, while Frail got a
value of 0.5 ^ 0.1 mJy from VLA imaging (D. A. Mo†ett
2000, private communication). They are within 1 p (0.1 mJy)
of each other. To estimate a conservative infrared photon
number, we simply assume that the Ñux at 8.4 GHz is
0.6^ 0.2 mJy as a crude estimate, because Mo†ett &
Hankins (1996) previously gave the value of 0.76 mJy. If the

FIG. 5.ÈSingle power-law Ðt of phase-averaged color spectrum of the
Crab pulsar. The abscissa is the photon frequency in hertz, while the
ordinate is the photon Ñux in janskys hertz.
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error bar at 8.4 GHz is smaller, then the infrared photon
density around 0.01 eV reduces further ; this in turn results
in a less upscattered, TeV Ñux. Equation (41) gives the fol-
lowing infrared number spectrum:

dNIR/dvIR\ 1.5] 1017d2(r0/-LC)~2vIR~0.88 , (42)

where refers to the infrared photon energy.vIRmec2
B0540[69.ÈIts de-extincted optical and soft X-ray

pulsed Ñux densities can be interpolated as Fl \ 0.207l~0.3
Jy (Middleditch & Pennypacker 1985). This line extrapo-
lates to 0.47 mJy at 640 MHz, which is consistent with an
observed value 0.4 mJy (Manchester et al. 1993). We thus
extrapolate the relation to the infraredFl \ 0.207l~0.3
energies and obtain

dNIR/dvIR \ 1.6] 1012d2(r0/-LC)~2vIR~1.3 . (43)

B1509[58.ÈThe Ñux densities emitted from close to the
neutron star in radio (Taylor, Manchester, & Lyne 1993),
optical (Caraveo, Mereghetti, & Bignami 1994b), soft X-ray
(Seward et al. 1984), and hard X-ray (Kawai, Okayasu, &
Sekimoto 1993) bands can be Ðtted by a single power law

Jy. We thus adoptFl \ 1.36l~0.32

dNIR/dvIR \ 4.7] 1011d2(r0/-LC)~2vIR~1.3 . (44)

Vela.ÈThe Ñux densities emitted from close to the
neutron star in radio (Taylor, Manchester, & Lyne 1993 ;
Downs, Reichley, & Morris 1973) and optical (Manchester
et al. 1980) bands can be Ðtted by Jy.Fl \ 1.71 ] 107l~0.91
We thus adopt

dNIR/dvIR\ 1.8] 107d2(r0/-LC)~2vIR~1.9 . (45)

B1951]32.ÈThe Ñux densities emitted from close to the
neutron star in radio (Taylor, Manchester, & Lyne 1993)
and soft X-ray (SaÐ-Harb, & Finley 1995) bandsO� gelman,
can be interpolated as Jy. We thus adoptFl \ 32.8l~0.49

dNIR/dvIR \ 6.3] 1010d2(r0/-LC)~2vIR~1.5 . (46)

B0656]14.ÈThe nonthermal (most likely,
magnetospheric) emission in the I, R, V , and B bands shows
spectral index [1.53 (Caraveo, Bignami, & Mereghetti
1994a ; Kurt et al. 1998), which is much softer than that of
Crab (eq. [42]). If we were to extrapolate it to the radio
frequency, the Ñux density at 1 GHz would exceed 100 Jy ;
therefore, it is likely that the soft power-law spectrum
becomes harder below a certain frequency. We thus esti-
mate the upper limit of infrared Ñux density by inter-
polating between radio (6 and 4 mJy at 0.4 and 1.4 GHz,
respectively ; Taylor et al. 1993) and infrared-optical obser-
vations (0.71, 0.47, 0.40 kJy at I, R, V bands). The result is

dNIR/dvIR\ 2.0] 101d2(r0/-LC)~2vIR~2.7 . (47)

Geminga.ÈThe upper limit of the Ñux density in the radio
band (Taylor et al. 1993) and the Ñux density in the optical
band (Shearer et al. 1998) gives spectral index greater (or
harder) than [0.69. Interpolating the infrared Ñux with
these two frequencies, we obtain

dNIR/dvIR\ 1.9] 107d2(r0/-LC)~2vIR~1.7 , (48)

which gives a conservative upper limit of infrared photon
number density under the assumption of a single power-law
interpolation.

B1055[52.ÈThe Ñux densities emitted from close to the
neutron star in radio (Taylor et al. 1993) and optical
(Mignani, Caraveo, & Bignami 1997) bands can be inter-
polated as Jy. We thus adoptFl \ 4.2] 105l~0.77

dNIR/dvIR\ 7.7] 107d2(r0/-LC)~2vIR~1.8 . (49)

J1617[5055, J0822[4300, B1821[24, and
J0437[4715.ÈThere have been no available infrared or
optical observations for these four pulsars. We thus simply
assume that a \ [1.5 for these four pulsars and that lFl\Jy Hz at 0.01 eV. We then obtain109

dNIR/dvIR \ 2.5] 107d2(r0/-LC)~2vIR~1.5 (50)

for J1617[5055, while

dNIR/dvIR \ 2.1] 107d2(r0/-LC)~2vIR~1.5 (51)

for J0822[4300,

dNIR/dvIR \ 1.3] 1014d2(r0/-LC)~2vIR~1.5 (52)

for B1821[24, and

dNIR/dvIR \ 3.6] 1013d2(r0/-LC)~2vIR~1.5 (53)

for J0437[4715.

4.3. Curvature-radiated c-Rays
In this subsection, we present the results of GeV emission

via curvature process and compare them with observations.
The results are presented for the two assumed values of
a \ 30¡ and 45¡.

For Crab, B0540[69, B1509[58, and J1617[5055, the
X-ray Ðeld is dominated by the power-law component,
producing high number densities above 1015 cm~3. In this
case, the gap half-widths are less than 10% of The-LC.intrinsic luminosities of these young pulsars in the GeV
energy range exceed 1033 ergs s~1. Except for the distant
pulsar B0540[69, their GeV Ñuxes are expected to be large
enough to be observed with a space c-ray telescope.

For the relatively young pulsars J0822[4300 and Vela,
the X-ray Ðeld is dominated by the surface blackbody com-
ponent ; the number density becomes about 1014(NX)
cm~3. The gap half-width is about 5% of and the-LC,intrinsic GeV luminosity is D1033 ergs s~1.

For the middle-aged pulsar B1951]32, its relatively
strong magnetic Ðeld at the gap center (BD 106 G) results
in a strong GeV emission like that of the young pulsars.

The millisecond pulsar B1821[24 has a very strong mag-
netic Ðeld (BD 107.5 G) at the gap center. However, its
strong cm~3) X-ray Ðeld prevents the gap(NX D 1017.5
from extending in the magnetosphere. As a result, isL GeVrelatively small compared with other pulsars.

For the three middle-aged pulsars B0656]14, Geminga,
and B1055[52, their power-law components are too weak
to dominate the surface blackbody emissions ; the surface
emissions are also too weak to allow the gaps(NX \ 1014.2)
to extend more than 10% of However, the extended-LC.gaps do not mean large intrinsic GeV luminosities, because
their small magnetic Ðelds (B\ 104.5 G) suppress the accel-
eration Ðeld. In the case of Geminga, its proximity leads to a
large GeV Ñux.

In the case of the millisecond pulsar J0437[4715, its
weak X-ray Ðeld cm~3) due to the soft and hard(NX \ 1014
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blackbody emissions results in an extended gap. This active
gap, together with its proximity, leads to a large GeV Ñux
next to Geminga. However, its relatively strong magnetic
Ðeld (BD 106 G) at the gap center may indicate the pres-
ence of an additional power-law component, which reduces
the gap width and hence the GeV Ñux. Therefore, further
hard X-ray observations are necessary for this millisecond
pulsar.

4.4. Invisibility of TeV Pulses
If an electron or a positron is migrating with Lorentz

factor !? 1 in an isotropic photon Ðeld, it upscatters the
soft photons to produce the following number spectrum of
c-rays (Blumenthal & Gould 1970) :

d2N
dtdvc

\ 3
4

pT
c

!2
dNIR
dvIR

dvIR
vIR

]
C
2q ln q ] (1] 2q)(1[ q)] (Qq)2(1[ q)

2(1 ] Qq)
D

, (54)

where and here, refers to theQ4 4vIR! q 4 vc/Q(![ vc) ; vcenergy of the upscattered photons in units of Substi-m
e
c2.

tuting the infrared photon spectrum integratingdNIR/dvIR,over and multiplying the c-ray energyd2N/dtdvc vIR,and the electron number in the gap, we obtain(vc m
e
c2) (N

e
)

the Ñux density of the upscattered, TeV photons as a func-
tion of vc.We compute the TeV spectra of individual pulsars and
summarize the results in Table 3 ; the peak frequencieslFl

FIG. 6.ÈExpected TeV spectra of the three brightest pulsars : Crab
(solid lines), B0656]14 (dashed lines), and B1509[58 (dotted lines). The
thick and thin curves represent the cases of and 45¡, respectively.a

i
\ 30¡

The abscissa is the photon frequency in hertz, while the ordinate is the
photon Ñux in janskys hertz.

and the Ñuxes are given in the last two columns. Moreover,
for the three brightest pulsars (Crab, B0656]14, and
B1509[58), their computed spectra are presented inlFlFigure 6. It follows from Table 3 and Figure 6 that the TeV
emissions are invisible with the current ground-based tele-
scopes, except for Crab and B0656]14. Since H becomes as
small as for the Crab pulsar, a signiÐcant fraction of thelaccparticles are, in fact, unsaturated. Therefore, the expected
TeV Ñux is overestimated. To constrain the absolute pulsed
TeV Ñux from the Crab pulsar, we must discard the mono-

TABLE 3

EXPECTED c-RAY PROPERTIES

a
i

E
c

L GeV L GeV/d2 lpeak (lFl)TeVa
Pulsar (deg) lacc/H H/-LC (GeV) (ergs s~1) (Jy Hz) (Hz) (Jy Hz)

Crab . . . . . . . . . . . . . 30 0.82 0.023 4.2 1.3 ] 1033 2.1 ] 1012 2.5 ] 1027 1.9] 1012
45 0.96 0.016 5.2 1.8 ] 1033 3.0 ] 1012 2.7 ] 1027 4.4] 1012

B0540-69 . . . . . . . . 30 0.21 0.048 7.8 8.5 ] 1033 3.6 ] 1010 2.7 ] 1027 8.3] 1010
45 0.24 0.034 9.8 1.3 ] 1034 5.3 ] 1010 2.9 ] 1027 2.1] 1011

B1509-58 . . . . . . . . 30 0.21 0.075 5.1 5.7 ] 1033 3.1 ] 1012 3.4 ] 1027 1.1] 1011
45 0.23 0.053 6.6 9.0 ] 1033 4.9 ] 1012 3.6 ] 1027 2.9] 1011

J1617-5055 . . . . . . 30 0.093 0.097 8.7 1.4 ] 1034 7.4 ] 1012 1.2 ] 1027 1.0] 108
45 0.10 0.068 11.1 2.2 ] 1034 1.1 ] 1013 2.0 ] 1027 2.5] 108

J0822-4300 . . . . . . 30 0.69 0.045 2.5 5.7 ] 1032 1.2 ] 1012 6.0 ] 1026 1.0] 107
45 0.57 0.035 3.9 1.4 ] 1033 3.1 ] 1012 7.6 ] 1026 3.7] 107

Vela . . . . . . . . . . . . . 30 0.27 0.084 3.5 1.7 ] 1033 7.0 ] 1013 3.2 ] 1026 8.4] 1010
45 0.26 0.062 4.9 3.3 ] 1033 1.4 ] 1014 4.0 ] 1026 2.6] 1011

B1951]32 . . . . . . 30 0.16 0.092 5.4 2.8 ] 1033 4.7 ] 1012 6.3 ] 1026 3.1] 1010
45 0.18 0.064 6.9 4.2 ] 1033 7.1 ] 1012 7.4 ] 1026 8.0] 1010

B1821-24 . . . . . . . . 30 0.22 0.067 5.2 4.6 ] 1032 1.8 ] 1011 5.0 ] 1026 6.2] 107
45 0.25 0.047 6.7 7.2 ] 1032 2.9 ] 1011 4.7 ] 1026 1.6] 108

B0656]14 . . . . . . 30 0.43 0.160 1.1 2.0 ] 1032 3.7 ] 1012 3.7 ] 1026 1.7] 1012
45 0.69 0.098 1.2 1.8 ] 1032 3.2 ] 1012 3.8 ] 1026 3.0] 1012

Gemingab . . . . . . . . 30 0.059 0.334 4.0 4.1 ] 1033 1.7 ] 1015 1.5 ] 1027 7.0] 109
45 0.083 0.213 4.5 4.3 ] 1033 1.8 ] 1015 6.5 ] 1026 1.4] 1010

B1055-52 b . . . . . . 30 0.62 0.130 0.98 8.5 ] 1031 3.8 ] 1011 6.0 ] 1026 6.3] 109
45 1.0c 0.078 1.0 7.1 ] 1031 3.2 ] 1011 6.0 ] 1026 1.1] 1010

J0437-4715 . . . . . . 30 0.043 0.371 5.0 6.1 ] 1032 2.0 ] 1014 6.3 ] 1026 5.1] 107
45 0.062 0.233 5.4 6.1 ] 1032 2.0 ] 1014 5.9 ] 1026 9.9] 107

a The TeV Ñuxes are evaluated at the peak frequency,lFl lpeak .b The entries for these two pulsars are in italics because their predicted c-ray properties cannot explain the obser-
vations well. See ° 5.6 for details.

c The Lorentz factors are assumed to be the value that can be attained if particles are accelerated by in length H.E1
A
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energetic approximation for the particle distribution func-
tion and explicitly solve the Boltzmann equations of
particles and c-rays, together with the Poisson equation for
', under suitable boundary conditions. In addition, con-
sidering the fact that the tertiary infrared photons are not
isotropic but have small collision angles with the particles,
we can understand that the TeV Ñuxes computed from
equation (54) are, in general, overestimated. For B1055[52
and B0656]14, the emitting areas of the soft blackbody
components are unnaturally large. Therefore, more accu-
rate X-ray observations are necessary for a quantitative pre-
diction of their TeV Ñuxes.

It is worth noting that the TeV Ñuxes are less than 3% of
the GeV Ñuxes except for Crab, B0540[69, and
B0656]14 ; this conclusion is qualitatively consistent with
Romani (1996). The predicted TeV Ñux from B0540[69 is
greater than the GeV Ñux because (for for instance)a

i
\ 30¡

its infrared photon number density in the energy interval
0.01 and 0.1 eV attains 7.5] 1018 cm~3, which well exceeds
the X-ray number density 6.4 ] 1017 cm~3 between 0.1 and
100 keV.

5. DISCUSSION

5.1. Summary
To sum up, we have considered the electrodynamic struc-

ture of an outer gap accelerator in which relativistic par-
ticles emit c-rays via a curvature process. Imposing the gap
closure condition that a single pair produces one pair in the
gap on average, we solve self-consistently the gap width as a
function of the X-ray Ðelds and the pulsar parameters. Once
the gap width is known, we can further compute the acceler-
ation Ðeld and the resultant c-ray emissions. It was demon-
strated that the luminosities of GeV and TeV emissions are
a decreasing function of the X-ray energy and number
density. We also showed that the expected ÑuxeslFl(\1011.5 Jy Hz) of IC-scattered, TeV c-rays from the outer
gaps of rotation-powered pulsars are less than the obser-
vational upper limits, except for Crab and B0656]14. For
Crab, an energy-dependent particle distribution function
should be considered, whereas, for B0656]14, more accu-
rate X-ray observations are required. It is concluded that
the difficulty of excessive TeV emission, which appears in
the CHR picture, does not arise in the present outer gap
model.

5.2. Stability of the Gap
The outer gap in the present model is stable, regardless of

whether the X-ray Ðeld is dominated by a surface blackbody
or a magnetospheric power-law component. Consider the
case when the gap width H slightly increases as an initial
perturbation. It increases both and which in turnE

A
Vgap,increases both and The increase of results in theE

c
Nc. E

cdecrease of Eth.

1. When the surface blackbody dominates the X-ray
Ðeld, the X-ray spectrum and luminosity are unchanged by
the perturbation. Therefore, the decrease of implies theEthdecrease of or and hencej1 j2 j

p
.

2. When the magnetospheric emission dominates, the
secondary and tertiary emissions will increase with andE

ctherefore, increases as well. Accordingly, theNc ; Npldecrease of and the increase of imply a signiÐcantEth Npldecrease of and hence In either case, it follows thatj3 j
p
. j

p

decreases owing to the initial increase of H. Recalling the
gap closure condition we Ðnd a negative feed-H \ j

p
/Nc,back that cancels the initial perturbation of H.

5.3. Pulse Sharpness
Let us discuss the expected sharpness of GeV pulses. It

seems unlikely that the azimuthal width of the gap increases
with decreasing H. Therefore, it would be possible to argue
that the solid angle in which the primary c-rays are emitted
decreases as the arc of the gap along the last open Ðeld line
(i.e., 2H) decreases. On these grounds, we can expect a sharp
pulse when h > 1 holds, such as for Crab and J0822[4300.

Qualitatively speaking, the same conclusion can be
expected for millisecond pulsars and magnetars. In the case
of a millisecond pulsar, its fast rotation shrinks the light
cylinder. In such a small-volume magnetosphere, the outer
gap is immersed in a dense magnetospheric, power-law
X-ray emission. As a result, decreases to reduce h. In thej

pcase of a magnetar, its strong magnetic Ðeld makes the
expansion coefficient A in equation (2) be large. Therefore, a
very thin (h > 1) gap with a strong would be expected. InE

Ashort, for young pulsars, millisecond pulsars, and magne-
tars, their high-energy pulsations are expected to show
sharp peaks.

5.4. Validity of Assumptions
First, we reduced the Poisson equation to one-

dimensional form (eq. [2]), by assuming Let usD
M

? H.
brieÑy consider the two-dimensional e†ect due to the trans-
Ðeld derivative in the Poisson equation. When becomesD

Msmall, the gap shifts outward, is partially screened, andE
AH enlarges (Fig. 12 in Paper I ; see also Cheng, Ho, &

Ruderman 1986a for a screened, or spatially constant inE
Aa thin gap). Owing to the screened acceleration Ðeld, the

GeV and TeV Ñuxes become small compared with those
obtained in the case. On these grounds, we canD

M
? H

constrain the upper limit of the TeV Ñuxes in the trans-
versely thick limit, D

M
?H.

Second, let us discuss the case when the assumption of the
vacuum gap breaks down. In this case, the charges in the
gap partially cancel the original obtained in the vacuumE

Agap (eq. [2]). The partially screened results in theE
Adecrease of the TeV Ñuxes. On these grounds, we can regard

the TeV Ñuxes presented in the present paper as the Ðrm
upper limits.

Third, we consider the inÑuence of cyclotron resonance
scatterings. For one thing, the soft blackbody emission from
the whole surface may be scattered to be anisotropic
(Daugherty & Harding 1989). Such e†ects are important for
polar cap models, because the collision angles (cos~1 k

c
)

su†er signiÐcant corrections. Nevertheless, in an outer gap,
such corrections are negligibly small. Moreover, the cyclo-
tron resonance increases the e†ective emitting area and
decreases the temperature. For simplicity, we neglect these
two e†ects in this paper, because they cancel each other. For
example, the decreased temperature results in a decrease of
the target photons above a certain threshold energy for pair
production. On the other hand, the increased emitting area
increases the number of target photons above the threshold,
thereby canceling the e†ect of the decreased temperature.
What is more, the hard blackbody emission from the heated
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polar caps may be scattered to be smeared out. That is,
most of the hard X-rays may be scattered back to the stellar
surface owing to cyclotron resonance scatterings and ree-
mitted as soft X-rays (Halpern & Ruderman 1993). In this
case, the hard component will be indistinguishable from the
original soft component due to the neutron star cooling.
Nevertheless, for older pulsars such as B0656]14 and
B1055[52, this e†ect seems to be ine†ective probably
because of their less dense electrons around the polar cap
near the neutron star surface.

5.5. c-Ray L uminosity versus Spin-down L uminosity
Curvature-radiated luminosity, has a weak depen-L GeV,

dence on the spin-down luminosity, if we Ðx the trans-L spin,Ðeld thickness of the gap, In other words, theD
M
/-LC.evolution of is crucial to discussing theD

M
/-LC L GeVP L spin0.5

relation (Thompson et al. 1994 ; Nel et al. 1996). To solve
we must analyze the two-dimensional Poisson equationD

M
,

on the poloidal plane ; however, this is beyond the scope of
the present paper.

5.6. L imitation of the Vacuum-Gap Approximation
We now discuss the two pulsars whose predicted c-ray

properties are shown in italics in Table 3. For Geminga, its
large size h(D 0.3) seems to indicate broad pulses. However,
its c-ray pulses are known to be sharp ; their fractional
phase width is about 0.12 (Mayer-Hasselwander et al. 1994 ;
Mattox, Halpern, & Caraveo 1998 ; Fierro et al. 1998).
Moreover, its GeV Ñux (D1015 Jy Hz) is more than several
hundred times greater than that of the Crab pulsar, which is
not observed. We consider these discrepancies to be due to
our oversimpliÐed assumption of the vacuum gap. Extend-
ing the method presented in Papers I, II, and III, in which
the Vlasov equations are solved, to the case when electrons
enter from the outer boundary of the gap, we preliminarily
Ðnd that the nonvacuum gap shifts inward (starward). For
example, if the electron inÑux at the outer boundary attains
20% of the local Goldreich-Julian value, the gap roughly
shifts to the middle point between the star surface and (r0,where the vacuum gap would reside. In this case, hh0),reduces about 3 times and about 30 times ; it is prefer-L GeVable to account for the observations.

As for B1055[52, we consider its broad pulses in X-ray
and c-ray bands to be more naturally explained by an
extended gap, which will be realized when positrons enter
from the inner (starward) boundary. If the positron inÑux is
comparable to the local Goldreich-Julian value, the gap
approaches the light cylinder ; in this case, both h and L GeVincrease a few times. We will investigate such nonvacuum
gaps in a separate paper.

5.7. Synchrotron Radiation Below 10 MeV Energies
As we have seen, the accelerated particles reach a

curvatureÈradiation-reaction limit to become roughly
monoenergetic. The curvature spectrum in lower energies
then becomes a power law with a spectral index which is13,much harder than the observed c-ray pulsar spectra. In this
subsection, we demonstrate that the c-ray spectrum below a
certain energy (say 10 MeV) is dominated by a synchrotron
radiation from freshly born particles and that the expected
c-ray spectra further soften.

As an example exhibiting a soft power-law c-ray spec-
trum from eV to GeV energies, we consider the Crab pulsar.

To discriminate whether a curvature or synchrotron
process dominates, we separately consider each process and
take the ratio of the radiation-reaction forces. That is, we
ignore much complicated synchrocurvature process,
because such details are not important for the present
purpose.

Let us Ðrst consider the case of which givesa
i
\ 45¡,

at the gap center. Since the curvature-B5\ 6.5] 102
radiated c-ray energy is GeV, the freshly born par-E

c
\ 5.2

ticles have Lorentz factors of A particle with!0D 5 ] 103.
this Lorentz factor emits synchrotron radiation around the
energy

hlsync\
3h!02 eB sin s

p
4nm

e
c

, (55)

where denotes the pitch angle of the particles.s
pWe can solve the evolution of the Lorentz factor and s

psimultaneously by the method described in ° 5.3 of Paper I.
We present the evolution of due to synchrotron radi-sin s

pation shortly after the pair production in Figure 7, and the
evolution of the longitudinal momenta in Figure 8. In both
Ðgures, the abscissa designates the distance along the Ðeld
lines in units of with respect to the birth place-LC(distance\ 0). The particles are supposed to be created with

FIG. 7.ÈPitch-angle evolution due to synchrotron radiation as a func-
tion of position. The abscissa denotes the distance (in units of along-LC)the Ðeld lines from the birth place (distance\ 0). The thick and thin lines
correspond to and respectively.a

i
\ 30¡ a

i
\ 45¡,

FIG. 8.ÈLongitudinal momentum evolution due to synchrotron radi-
ation as a function of position. The ordinate is normalized in units ofm

e
c2.

The abscissa and the lines are the same as in Fig. 7.
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positive momenta ; therefore, electrons turn back to have
negative longitudinal momenta. Positrons lose longitudinal
momenta at the initial stage of acceleration because the
relativistic beaming e†ect causes the synchrotron radiationÈ
reaction force not only in the transverse but also in the
longitudinal directions.

It follows from Figure 7 that we can approximate
when the particles have not run *l D 1sin s0D 0.3
for When is kept around 0.3,] 10~6-LC a

i
\ 45¡. s

pLorentz factors are also of the same order of Substitut-!0.ing and into equation (55), wesin s
p
\ 0.3 !0D 5 ] 103

obtain MeV as the central energy of the syn-hlsyncD 8.5
chrotron spectrum for The fraction of the particlesa

i
\ 45¡.

having and Lorentz factor compared withsin s
p
D 0.3 D!0the saturated particles then becomes

*N
e

N
e

D
*l
H

D 6 ] 10~5 . (56)

We can estimate the ratio between the synchrotron radi-
ation from the freshly born particles and the curvature radi-
ation from the saturated particles as follows :

Rsc(l)\
*N

e
N

e

dPsync/dl
dPcurv/dl

, (57)

where

dPsync
dl

4
J3e3B sin s0

m
e
c2 F

A hl
hlsync

B
, (58)

dPcurv
dl

4
J3e2!

R
c

F
Ahl
E
c

B
, (59)

and

F(x)4 x
P
x

=
K5@3(y)dy ; (60)

refers to the modiÐed Bessel function of 5/3 order ; ! inK5@3equation (59) denotes the saturated Lorentz factor and
becomes 2.4] 107 for 45¡ for Crab. At the synchrotron
peak energy, MeV, the ratio becomes0.29hlsync \ 2.5 Rsc \
12.

In the same manner we can consider the case of a
i
\ 30¡.

In this case, we have MeV andhlsync D 1.7 *N
e
/N

e
D 1

] 10~4. As a result, we obtain at 0.5 MeV.Rsc \ 11
We can therefore conclude that the c-ray spectrum below

a certain energy (D10 MeV) is dominated by the synchro-
tron radiation from freshly born particles.

In addition, in the case of Crab, the unsaturated motion
of particles implies that the synchrocurvature(lacc DH)
radiation from unsaturated particles is also important.
Therefore, the spectrum below GeV will become much
softer compared with the simple curvature spectrum with
central energy (or 4.2) GeV for (or 30¡).E

c
\ 5.2 a

i
\ 45¡

5.8. Comparison with Zhang & Cheng Model
Finally, we point out the di†erence between the present

work and that of Zhang & Cheng (1997) ; they considered a
gap closure condition so that the curvature-radiated c-ray
energy may be adjusted just above the threshold of pair
production. That is, they considered the c-ray energy to be
about where refers to the character-Ec, ZC 4 (m

e
c2)2/EX, EX

FIG. 9.ÈRatio between computed from eq. (13) and (see text).E
c

Ec, ZCNeither the hard blackbody nor the power-law components are con-
sidered. X-rays are supplied by the whole surface blackbody emission ; the
abscissa refers to the temperature, kT

s
.

istic X-ray energy. By equating with the centralEc, ZCenergy of curvature radiation (eq. [14] in our notation),
they closed the equations. When the soft (or hard) black-
body emission dominates, can be approximated byEX 3kT

s(or 3kT
h
).

The model of Zhang & Cheng (1997) is, in fact, qualita-
tively consistent with our gap closure condition, provided
that the X-rays are supplied by the soft or hard blackbody
emission. More speciÐcally, our model gives about 2 times
larger characteristic c-ray energy compared with their
model. To see this, we present in Figure 9 the ratio between

computed from equation (14) and the hard black-E
c

Ec, ZC ;
body or the power-law components are not considered in
this calculation. The abscissa indicates the soft blackbody
temperature, For the three thick curves, is Ðxed atkT

s
. )20.5 ; the solid, dashed, and dotted lines correspond to k30 \

3.0, and 0.3, respectively. For the two thin curves, on the1.0,
other hand, is Ðxed at 1.0 ; the dashed and dotted curvesk30correspond to and 0.25, respectively. At small)2\ 1.0 kT

s
,

our model gives more than twice greater c-ray energy com-
pared with that of Zhang & Cheng (1997) ; nevertheless, the
di†erence is not very prominent.

It should be noted, however, that the spectra of the X-ray
radiation are explicitly considered in our present model in
the sense we perform the integration over X-ray energies in
equations (16), (21), and (25) and that the additional, power-
law component is considered in our present model.

It would be interesting to investigate the back-reaction of
the accelerated particles on the polar cap heating, which
was deeply investigated by Zhang & Cheng (1997). Con-
sider the case when the voltage drop in the gap approaches
the surface EMF, Such an active gap will supplyV

*
.

copious relativistic primary particles to heat up the polar
cap because of bombardment. The resultant hard black-
body emission supplies target photons for pair production
to make the realistic solution deviate from the thick solid
curve and approach thin curves at small (Fig. 2). There-kT

sfore, this sort of back-reaction on the X-ray Ðeld due to the
relativistic particles needs further consideration.
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